Context: Measurement of areal bone mineral density (aBMD) by dual-energy x-ray absorptiometry (DXA) was able to predict fracture risk. High-resolution peripheral quantitative computed tomography (HR-pQCT) yields additional information about volumetric bone mineral density (vBMD), microarchitecture, and strength that may increase our understanding of fracture susceptibility.
Conclusion:
Patients with GIOP and vertebral fracture have a significant reduction in total vBMD and cortical thinning independent of aBMD and FRAX. These changes may help identify high-risk patients in the subgroups currently considered to have low fracture risk as assessed by DXA or FRAX. (J Clin Endocrinol Metab 103: [3340] [3341] [3342] [3343] [3344] [3345] [3346] [3347] [3348] [3349] 2018) G lucocorticoid is the leading cause of secondary osteoporosis (1) . More than 10% of patients (mean age of 53 6 14 years) who receive long-term glucocorticoid treatment have a diagnosed fracture (2) , and 30% to 40% of postmenopausal women (mean age of 65 6 13 years) have radiographic evidence of vertebral fractures (3) . Asymptomatic vertebral fracture occurs in 20% of patients with systemic lupus erythematosus (SLE) treated with steroids (4) .
Areal bone mineral density (aBMD) measured by dual-energy x-ray absorptiometry (DXA) is commonly used to assess fracture risk in patients with glucocorticoidinduced osteoporosis (GIOP) . Fractures occur at a higher aBMD value in patients receiving glucocorticoid than in non-glucocorticoid-related osteoporosis (1) . aBMD, as a projectional measure of bone mineral density (BMD), provides only limited insight into the pathophysiology of GIOP-induced vertebral fracture and is of questionable benefit in an individual patient given that most GIOP-induced fractures occur in patients with osteopenia rather than osteoporosis (5) . This discrepancy is probably caused by specific glucocorticoid-induced changes in cortical and trabecular bone microarchitecture such as exaggerated cortical porosity (Ct Po), excessive cortical thinning, poor trabecular connectivity, and collagen breakdown, which compromise bone strength but are not detected by DXA (1) .
High-resolution peripheral quantitative computed tomography (HR-pQCT) is a noninvasive three-dimensional (3D) imaging technique that quantitatively measures volumetric bone mineral density (vBMD) at the distal radius and distal tibia with an isotropic resolution of 82 mm. HRpQCT enables independent evaluation of cortical and trabecular microstructural features pertinent to bone quality (6) . Bone strength parameters (stiffness, failure load, and apparent modulus) can be estimated by microfinite element analyses (mFEAs) created directly from segmented HRpQCT images (7) .
Bone quality is an important determinant of bone strength and fracture susceptibility, independent of aBMD (8) . In our previous study, aBMD of the spine or hip could not discriminate patients with SLE on long-term glucocorticoid with vertebral fracture, although lower HRpQCT-derived cortical vBMD at the distal radius was independently associated with vertebral fracture, highlighting the greater discriminatory power of HR-pQCT for vertebral fracture in patients with SLE on long-term steroids (9) . Although bone microstructure and estimated bone strength are known to be associated with prevalent fractures independently of aBMD in men and postmenopausal women (10) (11) (12) , it remains unclear whether they can discriminate prevalent vertebral fractures in patients with GIOP.
The aim of this study was to determine whether changes in bone microstructure and estimated strength as assessed by HR-pQCT could discriminate patients with a range of rheumatic disease on long-term glucocorticoids with vertebral fracture and to see whether, and how, HR-pQCT provides added information over aBMD in this respect.
Materials and Methods

Subjects
For this cross-sectional case-control study, we recruited and screened 1300 ambulatory subjects on long-term glucocorticoid therapy aged $18 years from the rheumatology clinics of the Prince of Wales Hospital and six other regional hospitals in Hong Kong. Each patient provided written informed consent, and institutional review board approval was obtained at each study center. All study methods and procedures were conducted in accordance with the ethical standards of the Declaration of Helsinki.
For inclusion, all subjects must have received oral glucocorticoid therapy at an average dosage of $1.0 mg/d of prednisone (equivalent dose) for $3 consecutive months immediately preceding the screening visit. These 1300 subjects were screened radiographically for the presence of a fragility vertebral fracture. Radiographic fractures were diagnosed and severity graded with the semiquantitative Genant method by a musculoskeletal radiologist (J.F.G.) (13) . Patient exclusion criteria include known skeletal disease other than osteoporosis; abnormal serum calcium, abnormal alkaline phosphatase, or impaired renal function (creatinine clearance ,30 mL/min/1.73 m 2 ); abnormal thyroid function; parathyroid disease; known malignancy; a history of major spinal trauma; and unsatisfactory completion of DXA or HR-pQCT examinations.
After screening of the initial study cohort of 1300 patients, 170 were found to have vertebral fracture. Of these 170 patients with fracture, 32 patients met the exclusion criteria, and 28 patients refused to undergo DXA or HR-pQCT examination. The final study cohort therefore consisted of two groups: the fracture group, comprising the 110 patients with a radiographically apparent vertebral fracture; and the nonfracture group, comprising 110 patients on long-term glucocorticoid without a vertebral fracture. Each group underwent subsequent assessments with DXA and HR-pQCT at the Prince of Wales Hospital.
Demographics recorded included age, sex, race, body weight, body height, menstrual status, smoking, and drinking status. The fracture histories of the participants and their first-degree relatives were recorded. Clinical characteristics including disease duration and duration and dosing of current and previous glucocorticoid (duration of use, cumulative dosage, highest daily dosage, and current daily dosage) were assessed by chart review. The use of drugs affecting bone metabolism, including immunosuppressants, antiepileptic agents, anticoagulants, and treatments for GIOP (calcium and vitamin D supplements, bisphosphonate, teriparatide, denosumab, or other antiosteoporosis therapy), was allowed. The dosage and duration of treatment were recorded. Laboratory investigations included complete blood count, liver and renal function tests, and serum levels of calcium, phosphate, alkaline phosphatase, and thyroid-stimulating hormone to confirm patients' eligibility for the study.
DXA assessment
aBMD of the hip [total left hip and femoral neck (FN)], anteroposterior lumbar spine (L1 to L4), and one-third radius of the nondominant forearm was performed by an International Society of Clinical Densitometry certified technician with the same DXA equipment (Delphi W; Hologic, Bedford, MA) for all participants. BMD results were expressed in grams per square centimeter and T-score calculated with reference to local population norms (14) .
HR-pQCT assessment
Bone geometry, vBMD, and bone microarchitecture at the distal radius and distal tibia of the nondominant hand and leg were examined by HR-pQCT (XtremeCT; Scanco Medical AG, Switzerland). The participant's forearm or leg was immobilized in a carbon fiber cast fixed within the scanner gantry. A twodimensional scout view of the distal radius or distal tibia was used to define the region of interest by manual placement of a reference line at the endplate of the radius or tibia. Scan acquisition commenced 9.5 mm and 22.5 mm proximal to the reference line for the distal radius and tibia, respectively. A stack of 110 parallel slices was acquired at each site with an effective energy of 40 keV. The image matrix size was 1024 3 1024, yielding a nominal voxel size of 82 mm (6).
The volume of interest was automatically separated into cortical and trabecular components, yielding total, trabecular, and cortical vBMD in milligrams of hydroxyapatite (mgHA) per cubic centimeter (15) and total area (i.e., average crosssectional area of the bone). Trabecular volumetric bone mineral density (Tb vBMD) was calculated for two regions: the peripheral region adjacent to the cortex (outer 40%) and the central medullary region of the trabecular bone (mTb, inner 60%). 3D ridges (the centerpoints of trabeculae) were identified to assess trabecular microstructure, and trabecular spacing was calculated via the distance transformation method (16) . Trabecular number (Tb N, per millimeter) was calculated from the inverse mean spacing of the 3D ridges. Trabecular thickness (Tb Th) and trabecular separation (Tb Sp) were derived from trabecular bone volume fraction and Tb N, analogous to standard histomorphometry methods.
A fully automated cortical compartment segmentation technique was used to assess cortical bone microstructure (17) . Cortical vBMD was the mean mineralization of all voxels in the cortical volume of interest. In addition, a direct 3D calculation of cortical thickness (Ct Th) was obtained from segmented mineralized cortex, disregarding intracortical pore surfaces. From this analysis, we obtained cortical vBMD (in mgHA/cm 3 ), Ct Po (%), and Ct Th (mm). Ct Po was calculated as the number of void voxels in each thresholded cortex image divided by the total number of voxels in the cortex (18) . Ct Th was a direct 3D calculation of the endosteal-periosteal distance. In our center, the short-term precision of HR-pQCT measurements, expressed as the coefficient of variance, is from 0.38% to 1.03% for vBMD measurements (total, cortical, trabecular) and from 0.80% to 3.73% for all nondensitometric microstructural parameters.
Estimated bone strength by mFEA mFEAs were performed on 3D images of the distal radius and tibia with the finite element solver included in the built-in Image Processing Language software. A special peeling algorithm, specifying a minimum Ct Th of 6 voxels, was used to identify cortical and trabecular bone tissue. mFEA was performed by converting the binary image data to a mesh of isotropic brick elements (19) . For all elements, a Poisson ratio of 0.3 and a Young modulus of 10 GPa were specified. A uniaxial compression test with a 1000-N load was performed. Stiffness (kN/mm) was used to estimate apparent bone strength. An estimate of failure load was calculated based on the assumption that bone failure occurs if .2% of the elements are strained beyond 0.7% (18) .
Statistical analyses
Statistical analyses were performed in the SPSS Statistics version 22 (IBM, Armonk, NY). All densitometric, microstructural parameters and estimated bone strength were expressed as mean 6 SD. Comparison of clinical, demographic, and bone parameter variables between patients with and without vertebral fracture was analyzed with a Student t test, Mann-Whitney U test, or x 2 test depending on data type. Adjusted ORs per SD change from the nonfracture group to evaluate the association between bone parameters and prevalent fracture were calculated with a logistic regression model. Additional models, adjusted for age, sex, FN aBMD, fracture risk assessment tool (FRAX)-BMD, or onethird radius aBMD were performed. These adjustments were used to test whether the contribution of vBMD, microstructure, or strength parameters to fracture risk was independent of FN aBMD, FRAX, and aBMD at the radius. One-third radius aBMD rather than the ultradistal radius aBMD was used because the former is a validated site. Forward stepwise regression analysis was used to identify the strongest independent HR-pQCT parameters associated with vertebral fracture from the distal radius or tibial vBMD, microstructure, and estimated strength parameters listed in Supplemental Table 2 , with a P value ,0.2 in the univariate analyses. FRAX-BMD (FN), one-third radius aBMD for the radial HR-pQCT parameters, and FN aBMD for the distal tibial HR-pQCT parameters were also included in the model for the final adjustment. The area under the curve (AUC) of total vBMD and structural parameters were compared with AUC of FN aBMD after adjustment for age. All hypotheses were two-tailed, and a P value ,0.05 was considered statistically significant.
Results
Subject characteristics
There was no significant difference between the fracture and nonfracture groups for baseline characteristics except that patients with fracture were older, had a lower body mass index, had a higher prevalence of previous fracture, and made up a greater proportion of patients on treatment with vitamin D, bisphosphonate, and denosumab (Table 1) . No patients were on teriparatide. A total of 59 (54%) of the 110 patients with vertebral fracture had one fracture, and 51 patients (46%) had more than one fracture.
aBMD by DXA
Of the 110 patients with vertebral fracture, only 46 (42%) were classified as having osteoporosis according to DXA criteria (Table 1) . Mean aBMD of the lumbar spine, total hip, and FN was significantly lower (P , 0.001) in patients with fracture than those without fracture (Supplemental Table 1 ).
vBMD, bone microarchitecture, and estimated bone strength by HR-pQCT vBMD and microstructural data were unobtainable from 10 image datasets (5 radii, 5 tibia) because of poor image quality. Most densitometric, microstructural parameters and estimated bone strength were lower in the fracture group than in the nonfracture group at both the distal radius and distal tibia (Supplemental Table 1 ). Patients with fracture had lower peripheral vBMD and estimated strength and also impairment of most trabecular and cortical microstructure parameters (Supplemental Table 1 ). At the distal radius, fracture risk significantly increased from 42% to 104% by 1 SD difference in total, cortical, or trabecular vBMD and microstructure parameters (except Tb Th and Ct Po) and from 97% to 101% by 1 SD difference for all radius strength parameters (Supplemental Table 2 ). Similar trends were observed at the tibia, except that the fracture risk was further increased from 65% to 156% by 1 SD difference in vBMD, microstructure, and strength parameters (except Ct Po). The highest ORs were observed at the tibia with total vBMD, Ct Th (Fig. 1) for microstructural parameters, and with failure load and stiffness for strength parameters (OR 2.21 to 2.56; P # 0.001 for all) ( Table 2) . Total vBMD and Ct Th remained significantly associated with fracture after adjustment for FN aBMD, radius aBMD, or FRAX-BMD (Table 2 and Supplemental Table 2 ).
In the stepwise logistic regressions, radius total vBMD (OR 2.01; 95% CI, 1.453 to 2.785; P , 0.001) entered the model as the unique and strongest radial HR-pQCTderived parameter associated with prevalent vertebral fracture. Similarly, the tibial HR-pQCT-derived parameter most associated with prevalent vertebral fracture was tibia total vBMD (OR 2.40; 95% CI, 1.728 to 3.328, P , 0.001); even when aBMD or FRAX-BMD was included in the variable list.
Subgroup analysis
Because the use of antiresorptive agents is associated with improvement in vBMD and microstructure (20, 21) , subgroup analysis was undertaken in the 149 patients never exposed to antiresorptives. There were no significant differences between study groups in baseline characteristics except that patients with fracture had a higher prevalence of female sex and previous vertebral fracture and a greater proportion of patients with impaired mobility (Supplemental Table 3 ). Significantly lower vBMD and deterioration of microarchitecture and strength parameters were observed in patients with fracture at both the radius and the tibia, similar to changes seen in the total cohort (Supplemental Table 4 ), except inhomogeneity and Ct Po in both the radius and tibia, Tb Sp in the radius, and similar Tb Th and tibia between patients with and without fracture. In addition to total vBMD at the distal radius and tibia, mTb vBMD at the distal radius remained significantly associated with fracture after adjustment for FN aBMD, radius aBMD, or FRAX-BMD (Table 3 and Supplemental Table 4 ).
In other subgroup analyses, we tested the associations of HR-pQCT and FE parameters according to osteoporotic status and FRAX-BMD intervention threshold for age (10-year major osteoporotic fracture probability 10%). In patients without osteoporosis, radius total vBMD, Ct Th and Tb vBMD, tibia total vBMD, Ct Th, and Tb N were associated with fracture. Similarly, in patients below the FRAX intervention threshold, radial total vBMD, tibia total, Tb and mTb vBMD, Ct Th, and Tb N were also associated with fracture (Supplemental Table 5 and Fig. 2A) . We also tested the magnitude of the associations between bone parameters in patients without fracture compared with those with either one vertebral fracture or multiple vertebral fractures (Fig. 2B ). Odds were higher in patients with multiple fractures (OR 1.72; 95% CI, 1.01 to 2.93; P = 0.047) compared with those with only one fracture for tibia Ct Th (OR 1.65; 95% CI, 1.05 to 2.59; P = 0.029). However, considerable CI overlap was present.
The performances for fracture discrimination were tested for the most important tibia HR-pQCT parameters alone and in combination with age (Table 4 ). The single HR-pQCT parameter with the highest AUC was total vBMD for vertebral fracture. Adding Ct Th to Tb Sp resulted in higher AUC for fracture than either parameter alone but quite similar to those obtained with FN aBMD. Similar results were obtained in additional receiver operating characteristic curve analyses obtained from logistic regressions adjusted for age and sex.
Discussion
To our knowledge, this is the largest cross-sectional study using a multimodal investigation of the bone phenotype, demonstrating the independent contribution of cortical and trabecular bone traits and estimated bone strength for discriminating fracture in patients with GIOP. Changes in total vBMD and Ct Th persisted after adjustment for aBMD and FRAX, indicating how HR-pQCT provides 32-2.60) <0.001 1.33 (0.91-1.96) 0.143 1.74 (1.19-2.53) 0.004 1.22 (0.85-1.74) useful discriminatory information beyond that provided by DXA examination and the widely used clinical risk assessment score. This study adds to our previous work in patients with SLE by including patients with a range of rheumatic diseases and comparing differences seen in bone quality and strength at the distal radius with those at the distal tibia in patients with GIOP-induced vertebral fracture.
Our findings have several implications. They demonstrate a structural basis, distinct from aBMD, that may account for skeletal fragility. The microstructural changes seen on HR-pQCT concur fully with the trabecular thinning, lower bone volume fraction, and reduced connectivity previously observed in GIOP vertebral fracture patients by histological (22) (23) (24) or micro-CT analysis (24) . In the whole cohort, when adjusted for FRAX, only tibial vBMD and Ct Th were associated with increased vertebral fracture risk. Overall, tibial vBMD and Ct Th appeared to perform better than distal radius vBMD and Ct Th. Discrepancies between the distal radius and tibia are probably related to inherent differences in bone architecture and load bearing by the tibia. Although steroids act systemically, one can appreciate from this study how the resultant bone loss pattern tends to be site specific. At the distal radius, GIOP bone loss was predominantly trabecular, whereas at the distal tibia, bone loss was predominantly cortical, more akin to the pattern found in postmenopausal women without GIOP (25, 26) .
After patients treated with antiresorptive medication were excluded, patients with fracture were found to have an even more pronounced deterioration in the trabecular bone, including lower mTb vBMD in the distal radius independent of aBMD or FRAX. Total vBMD was able to discriminate vertebral fracture in a subgroup of patients who would not have qualified as being at high risk of fracture under standard parameters such as not being osteoporotic according to aBMD criteria or having a FRAX score of ,10%. In other words, most GIOP fractures occurred in patients who would otherwise not have been considered to be at high risk and who would not have been advised to undergo osteoporotic treatment. These results, showing lower vBMD, microstructure deterioration involving both cortical and trabecular compartment, and loss of bone strength in patients with vertebral fracture, differed from those of our previous study, which found lower cortical vBMD rather than total vBMD and Ct Th to be independently associated with GIOP-related vertebral fracture in a smaller group of female patients with SLE (9), without adjustment for aBMD. This discrepancy, as to whether cortical or trabecular bone changes best explain GIOP-related vertebral fracture, is explained by differences in the two study designs. First, the current study is more inclusive, comprising patients with SLE and rheumatoid arthritis as well as patients with other connective tissue diseases. The pattern of bone loss observed in patients with different rheumatic diseases varies. Patients with SLE sustain loss of cortical bone, whereas patients with rheumatoid arthritis sustain loss of both cortical and trabecular bone at the distal radius (27, 28) . Second, although most patients in the current study were female (.80%), male patients were also included. Sex differences in bone quality do exist. For example, postmenopausal women with vertebral fracture have lower cortical and trabecular bone indices at the distal radius, whereas in men with vertebral fracture, only cortical indices are reduced (11) . Third, the mean age of patients in the current study was 13 years older than that of the previous SLE study (9) . Trabecular bone loss starts in young adulthood and continues throughout life, whereas cortical bone loss occurs after midlife (29) . The current study, which included a particularly large number of patients with vertebral fracture and a range of rheumatic diseases treated by steroids, is more applicable to the range of patients encountered in a general rheumatology clinic.
HR-pQCT-based mFEA computationally predicts bone stiffness, which has been useful in distinguishing vertebral fracture status in postmenopausal women (30) . In this study, we found that tibia whole bone estimated failure load had a high OR and AUC approaching 0.7, suggesting that it might have high predictive value in discriminating patients with GIOP and vertebral fracture from those without fractures. Furthermore, differences in whole bone estimated failure load between fracture and control subjects were robust enough to remain significant after we adjusted for FN aBMD in the antiresorptivenaive subgroup. From a clinical perspective, combining FN aBMD with cortical or trabecular bone traits results in a higher AUC than aBMD alone ( Table 4 ), suggesting that these parameters capture variability associated with fracture risk in addition to that provided by aBMD alone. Recent prospective studies have shown that bone microstructure and estimated strength can predict fracture risk independently of aBMD in postmenopausal women (26, 31, 32) and improve fracture prediction beyond central DXA and FRAX (32) . Future longitudinal studies would help confirm whether these parameters can reliably predict incident vertebral fractures in patients with GIOP.
Limitations of this study include the cross-sectional design, which precluded assessment of the ability of HRpQCT to predict GIOP fractures prospectively. We were unable to determine in many patients when the fracture occurred. Thus the status of bone microarchitecture at the time of study may not correspond with that at the time of vertebral fracture. All fractures were assumed to be steroid-induced, although some may have been due to primary osteoporosis even though the patients were on long-term steroids. HR-pQCT assesses microstructure and vBMD of the peripheral skeleton, whereas most clinically relevant fracture occurs centrally, at the hip and spine. Currently there is no imaging technique that can provide fine bone detail for the central skeleton. Nonetheless, good correlation between HR-pQCT parameters at the distal radius and tibia has been shown with aBMD of the spine and hip as well as finite element analysis of the vertebral bodies (33, 34) . No young control group or cohort with non-GIOP-related senile osteoporosis was included.
In conclusion, patients with GIOP and vertebral fracture have a lower vBMD and cortical thinning of both the distal radius and especially the distal tibia compared with patients with GIOP but no vertebral fracture. These changes, which are independent of aBMD and FRAX, may help identify patients with GIOP who are at high risk of vertebral fracture but currently would be considered to be at low fracture risk.
